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Integrating a genome-wide association study with transcriptomic analysis to 
detect genes controlling grain drying rate in maize (Zea may, L.) 
Abstract 
Key message Candidate genes on GDR were identified and drying molecular mechanism of grain was 
explored by integrating genome-wide association with transcriptomic analysis in maize. 
Abstract Grain drying rate (GDR) is a key determinant of grain moisture (GM) at harvest. Here, a genome-
wide association study (GWAS) of 309 inbred maize lines was used to identify single nucleotide 
polymorphisms (SNPs) associated with drying rates of grain, cobs, and bracts. Out of 217,933 SNPs, 
seven significant SNPs were repeatedly identified in four environments (P< 10-4). Based on genomic 
position of significant SNPs, six candidate genes were identified, and one of which (Zm00001d047468) 
was verified by transcriptomic data between inbred lines with high and low GDR, indicating stable and 
reliable correlation with GDR. To further detect more genes correlated with GDR and explore drying 
molecular mechanism of grain, expression profile of all GWAS-identified genes (4,941) detected from 
different environments, tissues and developmental stage were evaluated by transcriptomic data of six 
inbred lines with high or low GDR. Results revealed 162 genes exhibit up-regulated expression and 
another 123 down-regulated in three higher GDR inbred lines. Based on GO enrichment, 162 up-regulated 
genes were significantly enriched into grain primary metabolic process, nitrogen compound metabolic 
process and marcromolecule metabolic process (P< 0.05), which indicated grain filling impose notably 
influence on GDR before and after physiological maturity. Our results lay foundation in accelerating 
development of higher GDR maize gerplasm through marker-assisted selection and clarifying genetic 
mechanism of GDR in maize. 
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Key message Candidate genes on GDR were identified and drying molecular 
mechanism of grain was explored by integrating genome-wide association with 
transcriptomic analysis in maize. 
Abstract Grain drying rate (GDR) is a key determinant of grain moisture (GM) at 
harvest. Here, a genome-wide association study (GWAS) of 309 inbred maize lines 
was used to identify single nucleotide polymorphisms (SNPs) associated with drying 
rates of grain, cobs, and bracts. Out of 217,933 SNPs, seven significant SNPs were 
repeatedly identified in four environments (P< 10-4). Based on genomic position of 
significant SNPs, six candidate genes were identified, and one of which 
(Zm00001d047468) was verified by transcriptomic data between inbred lines with 
high and low GDR, indicating stable and reliable correlation with GDR. To further 
detect more genes correlated with GDR and explore drying molecular mechanism of 
grain, expression profile of all GWAS-identified genes (4,941) detected from different 
environments, tissues and developmental stage were evaluated by transcriptomic data 
of six inbred lines with high or low GDR. Results revealed 162 genes exhibit 
up-regulated expression and another 123 down-regulated in three higher GDR inbred 
lines. Based on GO enrichment, 162 up-regulated genes were significantly enriched 
into grain primary metabolic process, nitrogen compound metabolic process and 
marcromolecule metabolic process (P< 0.05), which indicated grain filling impose 
notably influence on GDR before and after physiological maturity. Our results lay 
foundation in accelerating development of higher GDR maize gerplasm through 
marker-assisted selection and clarifying genetic mechanism of GDR in maize. 
Introduction 
Maize is one of the most important crops worldwide, serving as a primary source of 
food, animal feed, and industrial raw materials. High grain moisture levels at harvest 
limit the efficiency of mechanized harvest and increase the costs of drying and storage 
(Baute et al. 2002; Dijak et al. 1999; Lackey 2008). In the Huang-Huai-Hai plain of 
China, maize hybrids with low grain moisture levels at harvest are especially valued 
to avoid limitations of cultivar systems, ecological factors, and human resources 
(Wang and Li 2017). The GDR before and after physiological maturity is the most 
critical factor for determining the final grain moisture level at harvest and exhibit 
significant difference across maize hybrids (Crane et a. 1959; Wei et al. 2011). 
Though environment factors exert influence on GDR, genotype is also associated with 
GDR before physiological maturity (Brooking 1990; Sala et al. 2007). With high 
broad-sense heritability, improvement of GDR was thought to be possible by genetic 
selection in maize (Cross 1985; Dai et al. 2017; Hallauer and Russell 1962; Sentz 
1971; Zhang et al. 1996). Stable quantitative trait loci (QTL) significantly associated 
with GDR can be identified both before and after physiological maturity in 
multi-environments, (Prado et al. 2014; Sala et al. 2006; Wang et al. 2012). However, 
the genetic resolution of these QTL is limited, which inhibits marker-assisted 
selection of maize hybrids with high GDR. Moreover, GDR identification is difficult 
because of variable weather conditions in the field, which complicates the genetic 
dissection of GDR in multiple environments (Hicks et al. 1976; Widdicombe and 
Thelen 2002). 
Based on historical recombination events in association studies, genome-wide 
association studies (GWAS) with high density marker coverage and low levels of 
linkage disequilibrium (LD) have contributed to an improved genetic dissection of 
complex traits in maize (Liu and Yan 2018; Riedelsheimer et al. 2012; Wang et al. 
2016; Yu et al. 2006). Because maize is an open-pollination species with low LD 
decay (<2 kb), GWAS are thought to provide gene-level resolution for complicated 
agronomic traits in maize such as oil biosynthesis, mercury accumulation, starch 
content, and drought tolerance (Li et al. 2012; Liu et al. 2016; Yang et al. 2011b; 
Wang et al. 2016; Zhao et al. 2017). Dai et al. (2017) previously conducted a GWAS 
of GDR after physiological maturity in two environments, and identified candidate 
genes. However, GWAS-identified loci were often within gene deserts or regions with 
many equally plausible causative genes, thus, interpreting GWAS signals can be 
challenging (Nica et al. 2010). Combined association mapping and transcriptomic 
analyses have been proposed to more efficiently identify candidate genes (Wen et al. 
2018). In the present study, 309 inbred maize lines were collected and genotyped by 
sequencing. SNPs associated with drying rate of grain, cobs, and bracts were 
identified in different environments, tissues and stages. The stable SNPs associated 
with GDR in four environments were identified. By integrating GWAS with 
transcriptomic data, expression profile of GWAS-identified genes were analyzed, 
which would be valuable to explore drying molecular mechanism of grain in future.  
Materials and methods 
Plant materials and field design 
A total of 309 inbred maize lines were collected by the Henan Academy of 
Agriculture Sciences, including 89 core Chinese inbred lines with abundant genetic 
diversity, 55 breeding lines with high use frequency in Chinese maize breeding, and 
165 US public inbred lines whose plant variety protection coverage had expired (Jia et 
al. 2019) (Supplement Table 1). The trials were performed at four field environments 
(Yuan Yang [YY; 35.012 N, 113.704 E], YuCheng [YC; 34.411 N, 116.274 E], and 
DanCheng [DC; 33.646 N, 115.257 E] in 2017 and SanYa [SY; 18.381 N, 109.183 E] 
in 2018). The experiment was designed in a randomized complete block with three 
replications, with row lengths of 4.20 m, row spacing of 0.60 m, and plant spacing of 
0.24 m. Field management was similar in all four environments. 
Agronomic trait evaluation 
GDR of 309 inbred maize lines were detected as follows (Jia et al. 2019): maize ears 
were bagged before silking, and artificially pollinated after tassels had shed pollen. 
For three replications, three random maize ears were pollinated on the same day and 
harvested 35, 40, 45, 50, and 55 days after pollination (DAP). According to 
development of black layer, most of 309 inbred maize lines were at maturity 45 DAP. 
Fresh ears were immediately divided into cobs, bracts, and grain, weighed (recorded 
as FW), and then placed into envelopes for drying. Samples were dried in the oven at 
80℃ for 72 h to a constant weight (recorded as DW). Average values across three 
replications were calculated. The moisture content (MC) and drying rate of tissue 
were calculated as follows: 
Moisture content = [(FW - DW)/ FW  100] % 
Drying rate(x – y) = (MCx - MCy) / (y - x) 
  In this formula, x and y indicate the number of days after pollination. The drying 
rates of tissues (grain, cobs, and bracts) were calculated for five stages (35-40 DAP, 
40-45 DAP, 45-50 DAP, 50-55 DAP and 35-55 DAP). 
Statistical analysis of phenotypic data 
Normal distribution analysis and correlation analysis of phenotypic data were 
performed by SPSS 20 statistical software (IBM Corp., Armonk, NY). QTL 
IciMapping software （Institute of Crop Science, Chinese Academy of Agricultural 
Sciences, Beijing, China）was used for variance analysis, best linear unbiased 
prediction of combined phenotype data, and the evaluation of broad-sense heritability 
(H2) (Li et al. 2008).  
Genotyping by sequencing and SNP identification  
Genomic DNA was extracted from fresh young leaves (approx. 20 days after sowing) 
by the CTAB method with improvement (Wilson 1987). The quality of DNA was 
assessed by 1% agarose gel electrophoresis, a NanoDrop-1000 spectrophotometer 
(NanoDrop Technologies, Inc. Wilmington, DE) and Qubit 4 Fluorometers (Thermo 
Fisher Scientific, Waltham, MA). Genomic libraries of samples were constructed by 
digestion with restriction enzymes (HaeIII and MspI) and sequenced by an Illumina 
HiSeq PE150 system (Illunina, San Diego. CA). High-quality sequencing data 
(effective rate =100%, Error rate <0.04%, Q20% >97%) were aligned to the B73 
reference genome (RefGen_V4 of maize inbred line B73 (ftp:// 
ftp.Ensemblegenomes.org/pub/plants/release36/fasta/Zea_mays/dna/Zea_mays.AGPv
4.dna.toplevel.fa.gz)) using the Burrows-Wheeler Alignment tool (Li and Durbin 
2009). SNP calling was performed by the programs pileup of SMATOOLS with the 
parameter of base quality filtering cutoff set to 20 (Li et al. 2009). A total of 
4,334,605 SNPs were called from sequencing data of 309 inbred maize lines, of them, 
SNPs with minor allele frequencies less than 5% and missing data greater than 20% 
were removed from the analysis. ANNOVAR software (http://www.openbioin 
formatics.org/annovar/) was employed to annotate SNPs, according to RefGen_V4 of 
maize inbred line B73 (Wang et al. 2010). 
Population structure, kinship analyses, and GWAS  
Filtered SNPs were input into genome-wide complex trait analysis to calculate 
eigenvectors for principal component analysis (PCA) (Yang et al. 2011a). Based on 
the neighbor-joining method, a phylogenetic tree of 309 inbred maize lines was 
inferred byTreebeST (http://treesoft.sourceforge.net/treebest.shtml/). GEMMA 
(http://www. xzlab.org/software. html) was used to implement the association analysis 
using a mixed linear model (MLM) by incorporating the population analysis with the 
relative kinship matrix. P<10-4 was used to declare significant associations, and a 
false discovery rate (FDR) of <0.05 was used to identify significant associations (Bai 
et al. 2016; Ma et al. 2016). The 20-kb regions flanking the left and right sides of each 
significant SNP were defined as QTL, in which GWAS-identified genes were 
identified based on the maize B73 genome sequence (RefGen_v4) (Liu et al. 2016). 
All GWAS-identified genes were annotated by Swiss-Prot (http://web.expasy.org/docs 
/swiss-prot_guideline.html) and submitted to AgriGO (http:// systemsbiology. 
cau.edu.cn/agriGOv2/index.php) to perform gene ontology (GO)-based functional 
enrichment analysis. Fisher’s exact test coupled with the Bonferroni correction for 
multiple test adjustment (FDR <0.05) was used to declare significant GO terms. 
Transcriptomic analysis for inbred maize lines  
Transcriptomic analysis was performed using transcriptomic sequencing data of six 
inbred maize lines, including three high GDR lines (754, PHG71, NS501) and three 
low GDR lines (Luo596, A314, ZK21151). The inbred maize lines were grown in 
YuanYang in the summer of 2018 as described above. At 45 days after pollination 
(DAP), the bracts were harvested, quickly packed and frozen in liquid nitrogen. Total 
RNA was extracted using Plant RNA Purification Reagent (Invitrogen, Carlsbad, CA) 
according to the manufacturer’s protocol, and genomic DNA was removed using 
DNase I (TaKara Bio., Dalian, LN). The RNA quality was determined by 2100 
Bioanlyser (Agilent Technologies Inc., Santa Clara, CA) and quantified using the 
ND-2000 (NanoDrop Technologies, Inc., Wilmington, DE). High-quality RNA 
samples (OD 260/280=1.8–2.2, OD 260/230 ≥2.0, RIN ≥6.5, 28S: 18S ≥1.0, >10 μg) 
were used to construct a sequencing library according to the manufacturer’s protocol, 
which was then sequenced with the Illumina HiSeq ×Ten system. Raw paired end 
reads were trimmed and quality controlled by SePrep (https://github.com/jstjohn 
/SeqPrep) and Sickle (https://github. com/najoshi/sickle) using default parameters. 
Clean reads were separately aligned to the reference genome with orientation mode 
using TopHat 2.0.0 software (http://tophat.cbcb.umd.edu/). Based on the reference 
genome (B73/RefGen_v4), mapped reads (mapping rate >70%) were assembled and 
annotated using Cufflinks (http://cole -trapnellab.Github.io/cufflinks/) (Trapnell et al. 
2010). To identify differentially expressed genes (DEGs) between high-GDR and 
low-GDR inbred maize lines, the expression level of each transcript was calculated 
according to the fragments per kilobase of exon per million mapped reads (FRKM) 
method. RSEM (http://deweylab.biostat.wisc.edu/ rsem/) was used to quantify gene 
abundance. R statistical software EdgeR (http://www.Bioconductor.org /packages 
/2.12/bioc/html/ edger.html) was utilized for differential expression analysis (p 
adj<0.05 and |log2FC|>=1). Enrichment analysis of DEGs was performed by AgriGO. 
Results 
GDR variation and correlation analyses  
Abundant variation of phenotypic have been observed in previous study (Jia et al. 
2019). GDR variation at 35-55 DAP stage was normally distributed both in single 
environments and their combination and GDR values ranged from 0.15-2.39 in 
combination, indicating broader diversity in the panel (Table 1). The analysis of 
variance showed that the environment exerted notable influence on GDR in the panel, 
while the broad-sense heritability of GDR was only 0.66 in combination (Table 1). 
Correlation analysis revealed that the moisture content of grain, cobs and bracts at 55 
DAP negatively correlated with GDR at 35-55 DAP stage in four environments, 
suggesting cobs, bracts and grain may follow common drying mechanism (Table 2). 
GDR at 35-40 DAP stage significantly correlated with GDR at 35-55 DAP stages, 
thus, was indicated to play key role on GDR at 35-55 DAP stage and GM at harvest 
(Table 3). 
Genotyping by sequencing and analysis of population structure 
A total of 217,933 SNPs with minor allele frequencies > 0.05 and missing rate < 0.2 
were used for analysis of population, in this paper. . Most of them (176,893) were 
located in intergenetic regions, whereas a large portion of the remaining markers 
(37,071) were located in introns and non-coding regions of annotated genes. Only a 
small number of SNPs (3,969) were detected in exonic regions, causing 
non-synonymous, stop, and gain- and loss- of function mutations (Fig. 1). All the 
SNPs (n=217,933) above were used for population structure analysis of 309 inbred 
lines. The 309 inbred lines were significantly divided into three sub-populations based 
on phylogentic tree, which could be confirmed by principal component analysis (Fig. 
2). The distribution of GDR was different among the three subpopulations and 
subpopulation 2 demonstrated lower GDR than other subpopulations (Table 4).  
GWAS and identification and annotation of candidate genes 
Based on MLM, 217,933 filtered SNPs were used to perform GWAS for drying rates 
of grain, cobs, and bracts, respectively, and a total of 7,740 correlated SNPs were 
identified from GWAS in different environments and development stages (p <1×10-4), 
including 2,755 at 35-40 DAP stage, 2,491 at 40-45 DAP stage, 940 at 45-50 DAP 
stage and 2,240 at 50-55 DAP stage (Table 5). At 35-40 and 40-45 DAP stage, 205 
and 20 correlated SNPs were repeatedly identified among tissues, respectively (Fig 3). 
This supplied evidence for common drying molecular mechanism of grain, bract and 
cob at least 35-40 and 40-45 DAP stage. As false-positives were always caused by a 
single-environment, only overlapping SNPs in all four environments were defined as 
significant. In this case, seven correlated SNPs were repeatedly identified in all four 
environments, which were mainly anchored in chromosomes 2 and 8 (Table 6 and Fig. 
4). Moreover, their P value were smaller than 10-5 at least two environments.  
Based on genomic position of significant SNPs, Six candidate genes were detected 
(Table 6). According to annotation, Zm00001d006419 is involved in the specific 
O-acetylation of cell wall polymers. Zm00001d007436 has critical roles in embryo 
development, seed maturation, and the promotion of flowering, and is an important 
regulator of a variety of additional processes including chloroplast development and 
drought responses (Kwong et al. 2003; Kumimoto et al. 2008; Nelson et al. 2007). 
The sequence of Zm00001d009312 was homologue to fruit fly chromatin remodeling 
factors and indicated this candidate gene implicated in the disruption or reformation 
of nucleosomal arrays (Bochar et al. 2000), Zm00001d011560 encodes the 
transcriptional regulator RINGLET 2 (RLT2) in Arabidopsis, and regulated expression 
of seed store (Sundaram et al. 2013). Zm00001d047468, the aberrant pollen 
transmission 1 (apt1) gene, encodes a large protein of 2607 amino acids that is only 
expressed in pollen and bracts, indicating this gene may take part in membrane 
trafficking (Xu and Dooner 2005), while Zm00001d024830 is involved in the early 
stages of the hypersensitive response (HaußühI, Robatzek and Adamska 2001). All 
candidate genes above could be directly involved in primary metabolic process, 
nitrogen compound metabolic process and regulation of primary metabolic process. 
Only Zm00001d047468 exhibited significantly differential expression in lower and 
higher GDR inbred lines, indicating a stable and important effect on the GDR (Fig 7).  
Detection of correlated genes by integration GWAS with transcriptomic data and 
expression profile of candidate genes 
To detect more SNPs and genes correlated on GDR and explore drying molecular 
mechanism of grain in maize, 4,941 GWAS-identified genes were detected from 
GWAS in different environments, tissues and development stages, by genomic 
position of all correlated SNPs, which were divided into four groups by DAP stages 
and enriched by GO (Table 5 and Fig. 5). Results showed nitrogen compound 
metabolic process, primary metabolic process, cellular component organization and 
macromolecule metabolic process enriched most of GWAS-identified genes at 35-40 
and 40-45 DAP stage (before physiological maturity), while primary metabolic 
process, cellular component organization, cell growth and cell cycle could enrich 
most of GWAS-identified genes at 45-50 and 50-55 DAP stage (after physiological 
maturity). As GWAS-identified genes were enriched into different GO terms, this 
suggest GDR may follow different drying molecular mechanism before and after 
physiological maturity. Apparent, primary metabolic process certainly play important 
role on GDR, as enriched the most GWAS-identified genes compared with other GO 
terms before physiological maturity (Fig. 5).   
For decreasing false-positive error, expression profile of all GWAS-identified genes 
was evaluated by transcriptomic data of six inbred lines with high and low GDR and 
only 162 GWAS-identified genes exhibited up-regulated expression and another 123 
exhibited down-regulated expression in three higher GDR inbred lines, which were 
defined as correlated genes (Fig. 6A). According to GO enrichment, macromolecule 
metabolic process, nitrogen compound metabolic process, organic substance 
metabolic process, cellular metabolic process, primary metabolic process and 
ribonucleoprotein complex biogenesis could significantly enrich most of 
up-regulating correlated genes (FDR<0.05), no down-regulated correlated genes were 
significantly enriched in any GO term (FDR>0.05) (Fig 6B). Of these Go terms, 
Nitrogen compound metabolic process, primary metabolic process and organic 
substance metabolic process enriched GWAS-identifying candidate genes, mainly, at 
35-40 and 40-45 DAP stage (before physiological maturity). This indicated 
up-regulated genes may impose influence on GDR by regulating biological processes 
above before physiological maturity. As we known, grain filling was the most 
important primary metabolic process in seed development, which enriched most 
candidate genes and correlated genes before physiological maturity in this paper. This 
suggests grain filling may implicate on GDR before physiological maturity in maize. 
Discussion 
Maize hybrids with high GDR are especially required in the Huang-Huai-Hai plain of 
China, so a great deal of attention has been focused on GDR before and after 
physiologically maturity maize in China (Wang and Li 2017). The high broad-sense 
heritability and different variations of GDR have been investigated in previous studies 
(Jia et al. 2019; Purdy and Crane 1967; Nass and Crane 1970; Wang et al. 2012). In 
this paper, wide variation of GDR was observed both in single environments and 
combinations, but the estimated broad-sense heritability was only 0.66 in the 
combination which is lower than that of previous studies (Table 1) (Dai et al. 2017; Li 
et al. 2014). We believe this reflects notably effect of environments on GDR before 
and after physiological maturity. Indeed, GDR was highly susceptible to 
environmental influences, especially after physiological maturity is reached (Magari 
et al. 1996). Weather variation in the field, plant morpho-physiological traits, and 
agronomic measures all exert notable influences on GDR (Hicks et al. 1976; Troyer 
and Ambrose 1971; Widdicombe and Thelen 2002).  
Brooking (1990) suggested that GDR before physiological maturity was mainly 
controlled by effect of genotypic and environments, but that becomes more sensitive 
to the environment after physiological maturity. Apparently, GDR may follow 
different drying mechanisms around physiological maturity. In this paper, 
GWAS-identified genes were enriched into different GO terms, this supply indirect 
evidence to prove GDR follow different drying mechanism around physiological 
maturity (Fig. 5). In fact, overlapping SNPs could be identified among grain, cob and 
bract 35-40 and 40-45 DAP (before physiological maturity), however, no any 
correlated SNPs were detected (45-50 and 50-55 DAP) after physiological maturity 
(Fig. 3). Thus, we suggested that the three tissues may obey common drying 
mechanism before physiological maturity, which may change after physiological 
maturity because of environment variation. Notably, GDR at the 35–40 DAP stage 
was significantly correlated with that at other DAP stages (Table 3). Thus, GDR 
before physiological maturity has major effect on grain moisture at harvest.  
The evaluation of GDR is a labor-intensive process as multiple environments are 
required, which make the genetic dissection of GDR difficult (Sweeney et al. 1994). 
Nevertheless, the genetic mechanism of GDR has been initially established (Sentz 
1971; Zhang et al. 1996). With the availability of DNA-based marker technologies, 
some QTLs associated with GDR have been identified and explain phenotypic 
variation by individual QTLs ranging from 0.8%–28.5% (Beavis et al. 1994; Borrás  
and Gambín 2010; Mihaljevic et al. 2005; Ragot et al. 1995). Recently, GWAS have 
become important for the genetic dissection of complex traits and transcriptomic 
analysis has been proposed as a promising approach to aid the interpretation of 
GWAS, because genes with differential expression patterns across varieties are likely 
to be directly or indirectly associated with phenotypic differences (Emilsson et al. 
2008; Wen et al. 2018). In this paper, we conducted GWAS at different environments, 
tissues and stages, and identify a total of 7,740 correlated SNPs and 4,941 
GWAS-identified genes were detected from genomic position of significant SNPs 
(Table 5). By integrating GWAS with transcriptiomic data, 285 GWAS-identified 
genes were revealed to have differential expression between high inbred lines and low 
GDR inbred lines (Fig. 6A). Although it is not possible to definitively conclude that 
these genes are surely associated with GDR, they should nevertheless be considered 
likely correlated genes. Interestingly, GO 162 up- regulated correlated genes were 
mainly enriched in nitrogen compound metabolic process and organic substance 
metabolic process, which could enrich many correlated genes, especially, at 30-40 and 
40-45 DAP stage, thus, supply probality for dissection of grain drying mechanism in 
further (Fig. 6 and 7). 
In this paper, seven significant SNPs were repeatedly detected in four environments, 
and their p value were smaller than 1×10-5 at least two environments, indicating 
stable and reliable genetic effect on drying rate of grain, cob and bract. Most of 
significant SNPs (4/7) were located on Chr. 2 and 8, this result is consistent with 
previous deduction that more genes of important for the GDR would be located on 
Chr. 1, 2 and 8 (Sala et al. 2006). In fact, another 110 correlated SNPs were identified 
on Chr. 1, 2 and 8 in this paper (Supply table 2) and Dai et al. (2017) also reported 
similar result. Although no direct evidence involved in drying molecular mechanism 
of grain at present, all the candidate genes were enriched into primary metabolic 
process, and most of correlated genes were enriched into nitrogen compound 
metabolic process, primary metabolic process and macromolecule metabolic process 
at 35-40 and 40-45 DAP stages, in this paper (Fig. 5 and 6). This indicated these 
processes may directly or indirectly take part in grain filling, which affect GDR 
before physiological maturity in maize. 
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Table 1 Statistical analysis of GDR variation at 35-55 DAP stage in different environments 
DC, DanCheng; YC, YuCheng; SY, SanYa; YY, YuanYang; H2, Broad-sense heritability; G, genetic; E, 



































Site Mean ± SD (%) Rang (%) Skewness  Kurtosis H2 G E G*E 
Combination 1.02±0.39 0.15 - 2.39 0.46 0.93 0.66 ** ** * 
DC 0.99±0.42 0.17 - 2.54 0.25 0.34 
YC 0.79±0.40 0.12 - 2.05 1.18 2.7 
SY 1.11±0.35 0.11 - 3.13 0.85 2.6 
YY 0.99±0.34 0.21 - 2.32 0.71 0.80   
Table 2 Correlation analysis of GDR at 35-55 DAP stage in different environments 





































Correlation coefficient GM of bract GM of cob GM of grain 
GDR in YY -0.208* -0.246* -0.568** 
GDR in DC -0.224* -0.235* -0.535** 
GDR in YC -0.235* -0.243* -0.654** 
GDR in SY -0.172* -0.341* -0.521** 
Table 3 Correlation analysis of GDR at different stage 





































Pearson coefficient 35-40 DAP 40-45 DAP 45-50 DAP 50-55 DAP 35-55 DAP 
35-40 DAP 1 
40-45 DAP 0.275** 1   
45-50 DAP 0.200** 0.209** 1  
50-55 DAP 0.125* 0.011 0.149** 1 
35-55 DAP 0.366** 0.093 0.117 0.273** 1 








































Sub-population Number  Mean ± SE Minimum Maximum Skewness Kurtosis 
Sub-population 1 30 1.08 ± 0.06 0.7 1.70 0.43 -0.63 
Sub-population 2 255 1.01 ± 0.02 0.25 2.19 0.48 1.22 
Sub-population 3 24 1.11 ± 0.05 0.71 1.62 0.58 -0.72 
Table 5 The SNPs and GWAS-identified genes correlated with drying rate of grain, cob and bract 


























 SNPs / GWAS-identified genes 
Total 
Stage Tissue  DC YC YY SY 
35-40 
Cob 1214 / 835 238 / 171 109 / 65 408 / 261 
2755 / 2441 Grain 1291 / 878 154 / 107 142 / 99 268 / 168 
bract 919 / 888 155 / 104 99 / 61 94 / 64 
40-45 
Cob 109 / 82 104 / 61 413 / 259 72 / 52 
2491 / 2056 Grain 205 /149 968 / 600 214 / 118 700 / 437 
bract 117 / 82 767 / 505 120 / 80 29 / 24 
45-50 
Cob 85 / 64 45 / 27 220 / 164 212 / 124 
940 / 849 Grain 61 / 39 56 / 39 64 / 41 91 / 70 
bract 80 / 69 118 / 75 250 / 134 90 / 63 
50-55 
Cob 50 / 38 1332 / 820 429 / 268 225 / 150 
2240 / 1848 Grain 40 / 23 59 / 42 276 / 157 52 / 41 
bract 51 / 41 834 / 524 79 / 64 376 / 236 
Total  2063 / 1299 2937 / 1968 1690 / 1118 1654 / 1217 7740 / 4941 
Table 6 Candidate genes associated with GDR 
Environment Tissue Stage (DAP) P-value Chr. Location Ref./Alt. Maf. Candidate genes Annotation Go term 
DC Grain 35-40 5.47 








YC Bract 40-45 4.71 
SY Grain 35-40 4.04 
YY Bract 50-55 4.61 
DC Cob 35-40 5.26 
2 231668426 T/A 0.013 Zm00001d007436 





YC Grain 40-45 6.21 
SY Cob 35-40 4.88 
YY Bract 45-50 8.12 
DC Cob 35-40 4.47 
3 26280319 C/A 0.0176 N/A      
YC Grain 40-45 5.16 
SY Grain 45-50 4.51 
YY Grain 50-55 4.86 
DC Bract 35-40 9.67 
8 54217949 G/A 0.0255 Zm00001d009312 
Putative 
chromatin-remodel





YC Bract 40-45 13.1 
SY Grain 40-45 4.02 
YY Cob 50-55 7.5 
DC Bract 35-40 6.48 







YC Grain 40-45 6.06 
SY Grain 40-45 5.33 
YY Cob 45-50 4.39 
DC Grain 35-40 9.32 







YC Bract 40-45 9.81 
SY Grain 40-45 6.01 
YY Cob 50-55 5.28 
DC Bract 35-40 5.68 
10 90124610 C/T 0.0181 Zm00001d024830 





YC Bract 40-45 7.38 
SY Bract 50-55 4.28 
YY Bract 50-55 4.24 
